A safety assessment needs to be conducted to analyze the damage caused by an aircraft impacting into a concrete structure at a nuclear power plant. One of the analytical methods used for this issue is a numerical impact simulation conducted after aircraft and reinforced concrete (RC) models are determined. We established the RC model and aircraft model in this study and confirmed the applicability of an impact simulation. Validation of our RC model was confirmed by conducting impact simulations of an F4 Phantom engine (GE-J79) crashing into three different wall thicknesses of 900, 1150, and 1600 mm. The damages to the wall in the simulations agreed with the test results conducted at Sandia National Laboratory around 1990. We also conducted parametric impact simulations of a rigid missile crashing into a concrete wall, changing the impact speed, mass of the missile, and the wall thickness. The wall thickness required to prevent perforation in the simulations was close to that estimated by the empirical formulae, although the residual speeds of the missile after the perforation in simulation did not agree very well to the values obtained by empirical formulae. One of the reasons of the difference in the residual speed is that the speed of the ejected concrete was not considered in our RC model. An impact simulation of an F4 Phantom crashing into a RC wall was conducted for the validation of our aircraft model. The shape of the impact load and the state of the frames of F4 Phantom on impact were almost the same as those in the test results conducted at Sandia, which showed that the F4 Phantom model was valid.
Introduction
A safety assessment needs to be conducted to analyze the damage caused by an aircraft impacting into the concrete structure at a nuclear power plant. The simulation model of an aircraft and the reinforced concrete (RC) used in the walls of a concrete structure should be established before an impact simulation is conducted.
Many tests in which solid missiles are impacted into RC walls have been previously studied. Using these test data, several empirical formulae for predicting the penetration depth, scabbing thickness, and perforation thickness of the RC wall have been proposed (NDRC, 1946 , Rotz, 1978 , Degen, 1980 , Chang, 1981 , Berriaud et al., 1978 , UKAEA, 1990 . Impact tests using an actual military aircraft engine were also conducted in order to take into consideration the deformability effect of an aircraft engine on the destruction state of the RC wall . The test results were used to estimate the reduction factors for each empirical prediction formulae (Sugano et al., 1993b) . With these formulae and the reduction factors, the penetration depth, scabbing, and perforation thickness of the RC wall after aircraft engine impact can also be predicted.
Impact tests using actual aircraft are rarely conducted because a lot of effort is needed for preparing this kind of test. However, an impact test using a military aircraft (F4 Phantom fighter) crashing into an RC wall was conducted in 2 1988 , Sugano et al., 1993c . After this test, several impact simulations based on an F4 fighter were conducted and these results were compared with the 1988 test results (Lee et al., 2014) . In order to establish an aircraft model for an impact simulation, whether or not the results of an impact simulation based on an F4 Phantom model agree with the test results needs to be confirmed.
In this paper, we tried to establish the RC model and aircraft model, and confirm the applicability of an impact simulation for a safety assessment in an aircraft impact analysis. Firstly, the validation of our RC model is discussed in this paper. Impact simulations of an aircraft engine missile into RC models are conducted and compared with the test results. Solid missile impact simulations are also conducted and compared with the predicted results using empirical formulae to check if our RC model agrees with the outputs by the formulae. Secondly, the validation of our F4 Phantom model is discussed. The results of the impact simulation based on the F4 Phantom impacting into the RC model are compared with the test results to check if our simulation reproduces the test results. These results include the shape of the impact load, the impulse by the impact, the deceleration and the crash state of the F4 fighter.
Reinforced concrete model 2.1 Simulation of aircraft engine impact test
In this study, the dynamic finite element program LS-DYNA Ⓡ was selected for running the numerical impact simulations, because many impact simulations into a RC wall using this program have been previously reported (Agardh and Laine, 1999, Tai and Tang, 2006) , and this program is recognized as one of the best for simulating impacts. In this section, we tried to establish the RC model that will be used in an aircraft impact simulation. We selected the Karagozian & Case concrete (KCC) model (MAT_72R3) from among the concrete models prepared in LS-DYNA Ⓡ , because it has the appropriate concrete properties (Wu et al., 2012 , Crawford et al., 2011 . The impact simulation of an aircraft engine was conducted in the same way as that in the impact tests described in the paper (Sugano et al., 1993a) in order to check to see if the KCC model is applicable for use in an aircraft impact simulation. Table 1 specifies some of the impact test conditions described in the paper. It includes RC wall conditions such as the dimensions, the properties of the concrete and rebar, the boundary conditions, and also engine conditions such as diameter of 760 mm. Three cases were selected for simulation from among the many that were conducted in the impact tests, because the destruction state of the wall differed among the tests of thicknesses of 1600, 1150, and 900 mm. The impact load used in the simulation is described in Figure 1 . This impact load was obtained from the test data (Sugano et al., 1993a) . Figure 2 shows the configuration of the simulation model. This model consisted of concrete, rebar, support, and disc. The impact load was applied to the disc and the disc impacted onto the concrete and rebar, thus the disc represented as an impacting missile. The concrete, support, and disc meshes were cubic solid elements, and the mesh sizes of the concrete and support were 100×100 mm. The rebar was modeled as the beam elements and the meshes were 100 mm. The properties of this simulation model had the same values as those of the test materials shown in Table  1 . In our simulation, the destruction of the concrete was modeled by deleting the concrete meshes exhibiting maximum effective strain of 0.35 and maximum effective stress of 220 MPa. We selected these values after conducting several parametric studies in impact simulations.
The test results, such as the destruction state of the RC wall after impact, are described in the paper (Sugano et al., 1993a) . Referring to these test data, the impact simulation results were compared. Figures 3 to 5 show the simulation results when the RC wall thickness was 900, 1150, and 1600 mm. The perforation, scabbing, and penetration of the RC walls were observed for each wall thicknesses. These simulation results were consistent with the test results. Table 2 compares the penetration depths on the front side and the displacements of the rebar or concrete on the back side of the RC wall with the test results. These results indicated that the value differences between the tests and simulations were within 30 mm and were not so significant quantitatively except for the front side results in wall thickness of 1600 mm. Although the penetration depth of 70 mm at 1600 mm thickness was not reproduced in the simulation, this is because the impact load was simply modeled as shown in figure 1 and employed on the flat disc uniformly thus the dynamics between the missile front and the concrete surfaces was not simulated well enough to reproduce the penetration depth of 70 mm.
It was confirmed from the results denoted in Table 2 that the RC wall using the KCC model was applicable for the impact simulation of an aircraft engine, even though the difference of a penetration depth was observed between the tests and simulations results and this effect to a safety assessment should be considered, if necessary. 
Comparison of solid missile impact simulation and formulae results for aircraft engine impact
The availability of the KCC model for use in the aircraft engine impact simulation was confirmed in Section 2.1. In the aircraft impact analysis, the established aircraft model is directly impacted onto the wall. Therefore, the impact simulation of a solid missile into the same RC wall established in Section 2.1 was conducted in order to confirm the simulation results of the direct missile impact on the KCC model. Since the simulation results, such as scabbing and perforation thickness of the RC walls, were compared with the values predicted by using an empirical formula such as Bectel (Rotz, 1978) , Chang (Chang, 1981) , Degen (Degen, 1980) , CEA-EDF (Berriaud et al., 1978) , and UKAEA (UKAEA, 1990), validation of the scabbing and perforation thickness of the KCC model were also investigated in these simulations. The Bectel, Chang, and UKAEA formulae were used for predicting the scabbing thickness, and Chang, Degen, and CEA-EDF were used for predicting the perforation thickness. Chang and Degen formulae are described in a document by the NEI in the U.S. as a method of predicting the penetration, scabbing, and perforation thickness, respectively (NEI, 2011) . UKAEA is the formula proposed by the UK Atomic Energy Authority using impact test data. CEA-EDF is the formula proposed by the collaboration between the Atomic Energy Commission in France and the EDF. With addition to the validation outlined in Section 2.1, the availability of the KCC model for use in an impact simulation was firmly confirmed based on these comparisons. Table 3 lists the simulation conditions. The diameter of the solid missile was fixed to 760 mm and it was directly impacted into the wall. The mass and impact speed of the solid missile, and wall thickness were parametrically changed. Figure 6 summarizes these impact simulation results. The predicted scabbing thickness when using the empirical formulae: Chang, Bectel, and UKAEA, and the predicted perforation thickness when using the empirical formula: Degen, Chang, and CEA-EDF, are also described in these figures. The boundary between the scabbing and perforation areas in the simulations of 700 kg missile was in agreement with the lines determined using the empirical formulae as shown in Fig. 6(a) . The boundary was just a little thicker than the lines in the cases of 1300 kg missile and 1900 kg missile as shown in Figs. 6(b) and 6(c). From these results, the wall thickness to prevent perforation was predicted correctly when the missile mass was smaller than 1300 kg, and predicted to be thicker and conservative in simulations when the missile mass was larger than 1300 kg with the fixed radius of 760 mm. Thus our RC model was applicable for predicting perforation thickness for aircraft impact analysis. When the boundary between the penetration and scabbing was compared in Fig. 6 , different trend from the case of the perforation thickness was observed. The boundary was between cases of #4, #5 and cases of #7, #8, #9 in the simulations of 700 kg missile and thinner than the results of empirical formulae as shown in Fig. 6(a) . The boundary was between cases of #22, #26, #30 and #25, #29 in the cases of 1300 kg missile and almost same as the lines of empirical formulae as shown in Fig. 6(b) . The boundary was more than 2500 mm thickness in the cases of 1900 kg missile as shown in Fig. 6(c) . Because the thickness to prevent scabbing in simulations was much thinner than that on the lines of empirical formulae in the cases of 700 kg missile, the impact simulations using our RC model was applicable for the prediction of the occurrence of the scabbing only when the missile mass was larger than 1300 kg. It was also noted that the conservative scabbing thickness was obtained in simulations when the missile mass was around 1900 kg.
It was confirmed from the results presented above that the KCC model was available for use in a direct impact simulation and was able to reproduce all the destruction modes, i.e. the perforation, scabbing, and penetration. The boundary between the scabbing and perforation areas in the simulation based on the parametric studies was almost in agreement with the boundary determined by using the empirical formulae when the missile mass was smaller than 1300 kg, and thicker than the lines of empirical formulae and conservative when the missile mass was larger than 1300 kg. The boundary between the penetration and scabbing areas in the simulation was thicker than the lines and conservative when the missile mass was larger than 1300 kg, but thinner than the boundary of determined by using the empirical formulae and un-conservative when the missile mass was smaller than 1300 kg. Thus, the impact simulations have possibilities to underestimate the RC wall scabbing destruction, when the missile mass was smaller than 1300 kg, especially around 700 kg. However, in the aircraft impact simulation, it is generally important to consider whether or not perforation of the RC wall of a concrete structure due to aircraft impact occurs and whether or not the aircraft dives inside the building. Therefore, from this point of view, the KCC model predicts the perforation thickness and is useful for the aircraft impact analysis. 
Residual speed of perforating missile
When a missile perforates an outer wall of a RC structure, this perforating missile usually impacts into the next RC wall which built inside the structure. For a safety assessment, how far the perforating missile goes inside the structure needs to be estimated because the important components for safety functions are usually installed deep inside the structure. Therefore it is very useful to evaluate the kinematic energy of a missile absorbed by the perforation of a RC wall for the estimation of the distance which the missile reaches inside the structure. Kinematic energy absorbed by the perforation is calculated by subtracting the kinematic energy of a perforating missile which is derived by its residual speed from the kinematic energy at initial speed. Thus the residual speed should be estimated correctly in simulation so that the simulation is applicable for the safety assessment of a RC structure where the equipments with safety functions are protected by multiple walls. Residual speed of a perforating missile (v r ) is calculated by energy conservation law as follows:
Here, m is a mass of missile, v i is a initial speed of the missile, v p is a perforation speed and is estimated by empirical formulae to predict wall thickness to prevent perforation. We assumed the residual speed of ejected concrete was same as that of the perforating missile in Eq. (1). M is the mass of ejected concrete and estimated by Eq. (2) [Kar, 1979] .
Here, ρ c is concrete density, h is concrete thickness, and R is a radius of the missile.
We compared the residual speed of missile obtained in simulation with the predicted values by Eq. (1) and Eq. (2) for the validation of our RC model in terms of evaluating the residual speed of a perforating missile. Figure 7 shows the residual speed of 700 kg, 1300 kg, and 1900 kg missiles after the impact into the 1000 mm RC wall. When the impact speed was lower than the perforation speed derived by the Degen formula (Degen, 1980) , the residual speed in simulation was larger than the predicted values by Eq. (1) and Eq. (2) which imply that the absorbed energy by the RC model is smaller than the values predicted by equations. On the other hand, when the impact speed was higher than the perforation speed, the residual speed in simulation was smaller than the predicted values, which imply that the absorbed energy by the RC model is larger. Especially when the missile mass was 700 kg, which was the smallest in this study and then the difference in the amount of energy absorbed by RC perforation between simulation and empirical formula gave more effects on the residual speed of a perforating missile than the other two heavier missile cases, the difference of the residual speed between simulation and empirical formula became prominent. One of the reasons of the difference in a residual speed between simulation and empirical formula is that the speed of the ejected concrete was not considered in our RC model thus the absorbed energy was not correctly estimated. Same trend was observed in figure 8 where the residual speed of 1300 kg and 1900 kg missiles in the impact simulation into 1500 mm thick RC wall was illustrated with the predicted results by equations. It was concluded from these results that the residual speed using our RC model showed the similar trend as those obtained by empirical formula but quantitative difference does exist especially when the missile had small weight. Further study needs to be conducted for the establishment of the RC model applicable for the quantitative prediction of the residual speed of a perforating missile. 
Aircraft model
It was confirmed in Chapter 2 that the KCC model was valid for reproducing the destruction state of a RC wall due to the impact of an aircraft engine missile and a solid missile. In this Chapter 4, the impact simulation of an aircraft model was discussed.
An impact test using military aircraft (F4 Phantom fighter) was conducted and a lot of valuable data were obtained and the test conditions and results are summarized in the paper (Sugano et al., 1993c) . Table 4 summarizes the configuration of the aircraft, and Figure 9 shows the simulation model of this aircraft, which was established by using the shell elements and smoothed-particle hydrodynamics (SPH) elements. Nodal points A, B, and C were the middle point and end point of the aircraft and the middle point of the engine, respectively, and corresponded to points J7, J12, and J13 in the test so that the speed data of these points were compared with the test data. The mass distribution of the aircraft is described in Figure 10 , where the solid line is the actual data and the dotted line is the input data for the simulation model. Aluminum alloy was assumed to be the material used in the aircraft model and the fracture strain between 0.1 and 1.0 was also considered. The RC wall model was almost the same as the one established in Chapter 2 and only its thickness was changed to 3700 mm, which was close to the thickness of the wall used in the impact test, which was 3660 mm. Figure 11 shows the impact simulation results. The whole aircraft body broke into pieces in the same way as in the test results. The small sphere was the SPH elements and diversified after the impact. The destruction of the RC wall was not severe and only part of the impact area on the first layer of the concrete was damaged, which was similar to the test results. Figure 12 shows the speed reductions at nodal points A, B, and C in the simulation and corresponding test data (J7, J12, and J13). The biggest difference in these reductions between the simulation and test results during the impact was about 20 [m/s] in point B at 0.05 [s] and the speed reductions in the simulation were generally larger than those in the test data by about 10-20 [m/s]. These differences were not so dominant compared with the impact speed 215 [m/s] and only slightly affected the simulation results, such as the shape of the impact load and impulse. Figure 13 shows the impact load. This figure indicates that the shape of the simulation results, which were filtered at a low-pass of 1000 Hz to eliminate the simulation noise, was almost the same as that of the test results and the difference in the maximum load between the simulation and test results was within 2%. Figure 14 shows the impulse by the impact both in the simulation and test. This figure shows that the impulse after a crash in the simulation was 3.47 [MN･s] and the difference from the test results was within 8%.
Since the simulation results such as the deformation state and deceleration of the F4 Phantom after the impact and the impact load and impulse were reproduced in the simulation, we concluded that our aircraft model was validated for the impact simulation which used the KCC model as the RC concrete model. 
Conclusion
We conducted impact simulations using a solid missile, aircraft engine missiles, and a F4 Phantom fighter that were crashed into the RC wall for this study. The findings in this study are summarized below. ・In the simulations representing the aircraft engine missile impacts, the KCC model reproduced the test results, such as the destruction state of the wall, the penetration depth, and the displacements of the rear face of the wall. ・In the impact simulations using solid missiles, the perforation thickness of the RC wall in the simulations almost agreed with the predicted results using the empirical formulae: Degen, Chang, and CEA-EDF when the missile mass was less than 1300 kg, and it became thicker and conservative than the values of empirical formulae when the missile mass was more than 1300 kg. On the other hand, for the scabbing thickness, the differences between the simulation results and the predicted ones using the empirical formulae: Chang, Bectel, and UKAEA were prominent when the missile mass was less than 1300 kg, thus our RC model is not applicable for the prediction of the occurrence of scabbing. ・In the impact simulations using solid missiles, a residual speed of a perforating missile was estimated to be higher when the initial impact speed of the missile was lower than the perforation speed derived by the empirical formula: Degen, and it was estimated to be lower when the initial impact speed was higher than the perforation speed. ・In the impact simulation using the F4 Phantom model, the impact test results such as the shape of the impact load, the impulse by impact, the deformation of the aircraft, and the destruction of the RC wall were reproduced. ・Based on these simulation results, the aircraft impact simulations using the KCC model as the RC wall model and the aircraft model using a shell and SPH element were available and useful for aircraft impact analysis. When an occurrence of scabbing or residual speed of a perforating missile needs to be considered, further study needs to be conducted to establish a RC model which applicable for the prediction of these contents. 
